The retinoblastoma protein (pRB) is thought to suppress tumorigenesis, in part, through interactions with E2F transcription factors. However, certain low penetrance pRB mutants substantially reduce tumor incidence despite having a minimal ability to bind E2F. These low penetrance mutants retain the ability to induce a senescence-like state, suggesting that they may suppress tumorigenesis through a senescence-associated process. Here, we identify a novel pRB function that is associated with senescence and which is retained by non-E2F binding low penetrance pRB mutants. It was found that pRB and these mutants substantially increased the production of PML nuclear bodies (NBs). In keeping with the role of PML in transcriptional repression, pRB also promoted PML-dependent transcriptional repression by the c-Myc antagonist Mad1. In a series of pRB-p130 chimeric proteins, the ability to increase NB production correlated with the ability to induce a senescence-like phenotype. However, neither NB formation nor PML function were required for pRB to induce the senescencelike response. Together, these observations indicate that a pRB-induced increase in PML NB formation is coordinated with, but separable from, the pRB-induced senescence program. The data further suggest that PML may contribute to an E2F-independent tumor suppressor function of pRB.
Introduction
The retinoblastoma protein (pRB) is inactivated in the majority of human cancers, either through mutation of the RB gene or through deregulated pRB phosphorylation (Weinberg, 1995) . One pRB function that is implicated in tumor suppression entails the binding of pRB to E2F and the repression of E2F-responsive genes. However, pRB may have tumor suppressor abilities beyond the regulation of E2F, since several low penetrance RB alleles that retain substantial tumor suppressor function encode proteins with little, if any, E2F binding capacity (Harbour, 2001; Kratzke et al., 1994; Otterson et al., 1997 Otterson et al., , 1999 Sellers et al., 1998) . In addition to their partial tumor suppressor ability, these low penetrance mutants retained the ability of wild type pRB to induce a flat, senescence-like morphology when ectopically expressed in Saos-2 osteosarcoma cells (Sellers et al., 1998; Xu et al., 1997) . This suggested that pRB effects that are associated with senescence may be relevant to an E2F-independent tumor suppressor function.
One change that has been found to accompany senescence, and which may relate to tumor suppression, is an increase in Promyelocytic Leukemia (PML) expression (Ferbeyre et al., 2000; Pearson et al., 2000) . PML was first characterized as a component of the PML-retinoic acid receptor-a (PML-RARa) fusion protein in acute promyelocytic leukemia (de The et al., 1991; Kakizuka et al., 1991) , and is implicated in leukemia suppression (Piazza et al., 2001; Rego et al., 2001) . In cells, a subset of PML is modified by covalent attachment to SUMO-1 (Muller et al., 1998; Sternsdorf et al., 1997) and aggregates into nuclear domains termed PML nuclear bodies (NBs), PML oncogenic domains (PODs), or nuclear domain 10 (Maul et al., 2000) . NBs characteristically also contain Sp100 and other proteins with diverse functions (Negorev and Maul, 2001) . Upon entry of fibroblasts into senescence, both PML expression and PML NB formation increase (Ferbeyre et al., 2000; Jiang and Ringertz, 1997; Pearson et al., 2000) . The senescence-associated increase in PML may contribute to senescence, because ectopic PML expression can induce the senescence program. However, PML may also be dispensable to senescence in certain contexts (Ferbeyre et al., 2000; Pearson et al., 2000) .
In addition to inducing senescence, PML has a number of other effects that may be related to tumor suppression. These include abilities to inhibit proliferation (Koken et al., 1995; Liu et al., 1995) , to induce apoptosis (Guo et al., 2000; Quignon et al., 1998; Wang et al., 1998b) , to maintain genetic stability (Zhong et al., 1999) , to suppress transformation in vitro (Mu et al., 1994) , and to suppress lymphomagenesis in mice (Wang et al., 1998a) . PML may elicit these effects by increasing p53 activity (Gottifredi and Prives, 2001) and by promoting both transcriptional activation and transcriptional repression by specific transcription factors (Lin et al., 2001) . Thus, the up-regulation of PML that accompanies senescence may be associated with a variety of PML-mediated tumor suppressor effects, including but not limited to senescence.
Notably, indirect evidence implicates pRB as a potential regulator of PML NB formation. For example, the SV40 T antigen and adenovirus E1A proteins, which bind and inactivate pRB, diminished the formation or enlargement of NBs (Ferbeyre et al., 2000; Jiang and Ringertz, 1997) . Moreover, a subset of pRB was found to bind to PML and to localize to NBs (Alcalay et al., 1998; Ferbeyre et al., 2000) . These observations suggest that pRB and low penetrance pRB mutants might induce PML NB formation, as well as PML tumor suppressor effects, in conjunction with the senescence program.
In the present study, we directly examined whether pRB and low penetrance pRB mutants promote the production of PML NBs and stimulate PMLdependent processes. We focused on the ability of pRB to have such effects in Saos-2 cells, in order to determine whether an increase in PML NB production is part of the senescence-like response of such cells to ectopic pRB expression. The results indicate that pRB and low penetrance pRB mutants can substantially increase the production of PML NBs and promote PML function, and that these effects coincide with, but are separable from, pRB-induced senescence.
Results

Effect of pRB on PML NB production
To determine whether pRB promotes the formation of PML NBs, RB or control cDNA 3 expression vectors were transfected into Saos-2 cells, together with a plasmid that confers puromycin resistance. Transfected cells were selected with puromycin, and PML was detected by immunofluorescence. At 3 days after transfection, pRB greatly increased the nucleoplasmic expression of PML as well as the formation of PMLcontaining nuclear foci (Figure 1a ). To determine whether the PML foci represented PML NBs, the transfected cells were simultaneously stained for PML and for either Sp100 or SUMO-1, which characteristically colocalize with PML in NBs (Negorev and Maul, 2001) . It was found that the PML nuclear foci precisely colocalized with Sp100 and SUMO-1, as shown by the yellow foci in the merged confocal images (Figure 1b,c) . This colocalization was evident both in cDNA 3 -transfected and in RB-transfected Saos-2 cells, indicating that pRB promoted PML NB formation.
When examined at various times after transfection, pRB increased PML NB production within 2 days, and the effect persisted for at least 8 days (Figure 2a) . At all time points, the PML foci were present within the nucleus (data not shown). At day 4, pRB more than doubled the average number of NBs per cell and dramatically increased the percentage of cells with more than 14 NBs (Figure 2c ). In contrast, the pRB-related p107 and p130 only marginally increased NB produc- Figure 1 pRB increases the production of PML NBs in Saos-2 cells. Saos-2 cells were transfected with cDNA 3 or with Rc/RB, together with pBABEpuro, selected in puromycin for 3 days, and (a) stained with PG-M3 anti-PML and FITC-conjugated anti-mouse IgG (left), and with DAPI (right), and visualized by immunofluorescence; (b) stained with PG-M3 and FITC-conjugated anti-mouse IgG, and with anti-SP100 and rhodamine-conjugated anti-rabbit IgG, and visualized by confocal microscopy; and (c) stained with a H238 anti-PML and rhodamine-conjugated anti-rabbit IgG, and with mouse anti-SUMO-1 and FITC-conjugated anti-mouse IgG, and visualized by confocal microscopy. Antigens detected in each panel are indicated Regulation of PML by pRB W Fang et al tion. Dominant negative (DN-) Cdk2 failed to induce NB production, despite that DN-Cdk2 blocked G1 to S phase progression more effectively than pRB (Figure 2a, c) . In addition to the increase in NB number, there was typically an increase in NB size in RB-transfected cells, but not in p107-transfected cells, within 8 days of transfection ( Figure 2a ). The pRB-induced increase in NBs was lost when RB was co-transfected with cyclin D1 and Cdk4 (data not shown), suggesting that this effect was impaired by pRB phosphorylation.
In earlier studies, four low penetrance pRB mutants were shown to have greatly reduced abilities to bind E2F, including pRB 661W , pRB Dex4 , pRB D480 , and pRB 712R (Kratzke et al., 1994; Otterson et al., 1997 Otterson et al., , 1999 Sellers et al., 1998) . Of these, pRB 661W and pRB Dex4 were shown to retain the ability to induce a flat, senescence-like phenotype (Sellers et al., 1998) . In addition, pRB 661W , pRB
Dex4
, and pRB D480 inhibited Saos-2 proliferation (Otterson et al., 1997) , whereas pRB 712R was not characterized for growth effects. A fifth low penetrance mutant, pRB D24-25 , retained a significant ability to inhibit E2F-mediated transcription, but failed to suppress Saos-2 proliferation (Bremner et al., 1997) . Accordingly, it was determined whether each of these low penetrance pRB mutants was able to increase PML NB formation, as would be predicted if this ability were relevant to their tumor suppressor function. It was also determined whether NBs were induced by pRB D22 , which is a small cell lung carcinoma-derived mutant that is non-functional in E2F binding and growth suppression (Horowitz et al., 1990; Qian et al., 1992; Qin et al., 1992; Templeton et al., 1991) . When measured 4 days after transfection, PML NBs were strongly induced by pRB 661W , pRB Dex4 , pRB D480 , and pRB
712R
, but not by pRB
D24-
25 or pRB D22 (Figure 2b ,c). As for the PML foci that were induced by wild type pRB, the PML foci that were induced by the low penetrance pRB mutants were present within the nucleus (data not shown). Thus, each of the low penetrance pRB mutants that had a greatly reduced ability to bind E2F retained the ability to increase NB production.
Effect of pRB on PML-dependent, Mad-mediated transcriptional repression
The above studies showed that pRB was able to regulate the formation of PML NBs. We next sought to determine whether pRB was also able to regulate PML function. Recently, PML was shown to promote transcriptional repression by Mad proteins (Khan et al., 2001a) . Moreover, this ability may contribute to tumor suppression, since Mad can antagonize the transcriptional and the transforming effects of c-Myc (Grandori et al., 2000) . On this basis, we examined whether pRB was able to promote Mad-mediated repression, as a potentially important consequence of the regulation of PML. Specifically, it was determined whether pRB represses the cyclin D2 promoter through E box elements that are known to be regulated by Mad (Bouchard et al., 1999) , and whether the pRB effects on the cyclin D2 promoter depend upon PML.
As shown in Figure 3a , ectopic pRB and ectopic Mad1 each inhibited cyclin D2 promoter activity by *50%, whereas the combination of pRB + Mad1 repressed promoter activity by *75%. In contrast, pRB and Mad1 had little or no effect on a cyclin D2-D3D4 promoter with point mutations in each of two promoter E boxes. This implied that pRB augmented transcriptional repression by endogenous as well as by Figure 2 The ability to increase PML bodies is specific to pRB and is retained by low penetrance pRB mutants. (a) Saos-2 cells were transfected with cDNA 3 , Rc/RB, Rc/p107, Rc/p130, or pCMV-Cdk2DN, together with pBABEpuro, selected in puromycin for 2, 4 or 8 days, and then stained for PML as in Figure  1a . Two representative cells are displayed in each micrograph except at day 8, where one representative cell is shown. Few cells survived for 8 days after transfection with cDNA 3 , Rc/p130, or pCMV-Cdk2DN; and thus these are not presented (b) Saos-2 cells transfected with the indicated RB alleles, and stained with H238 anti-PML. (c) NBs in at least 60 transfected cells were quantitated 4 days after transfection, and displayed as the average NBs per cell (top) and as the percentage of cells with less than seven (stippled), seven to 14 (white), and more than 14 (black) NBs per cell (bottom). Error bars indicate standard deviations of the average NB number from two independent transfections Regulation of PML by pRB W Fang et al ectopic Mad proteins. Notably, the repressive effect of pRB was emulated by ectopic expression of PML. Moreover, the dominant negative PMLnls7, which has a deletion of the PML nuclear localization signal, blocked the ability of pRB and Mad1 to repress cyclin D2 promoter activity. However, PMLnls7 had no effect on transcription from the E box-mutated cyclin D2 promoter, suggesting that it specifically impaired Mad-mediated repression. The ability of PMLnls7 to nullify the repressive effect of pRB suggested that PML was required for pRB to promote Mad-mediated repression.
As shown earlier, four low penetrance pRB mutants induced NB formation to an extent similar to that of wild type pRB (Figure 2c ). Each of these also repressed cyclin D2 promoter activity and augmented Mad1-mediated repression ( Figure 3b ). As for wild type pRB, the effect of these pRB mutants was abrogated by PMLnls7. In contrast, the low penetrance pRB D24-25 and the tumor derived pRB D22 , which failed to induce NBs, also failed to repress cyclin D2 promoter activity. Thus, among the five low penetrance pRB mutants, those that had a severely reduced capacity to bind E2F retained the abilities to increase the formation of NBs and to stimulate PML-dependent and Mad-mediated transcriptional repression.
Relationship of the pRB-induced increase in PML NBs to pRB-induced senescence
The abilities of pRB, pRB 661W and pRB Dex4 to increase PML NB formation correlated with their previously demonstrated abilities to induce a flat, senescence-like phenotype in Saos-2 cells (Sellers et al., 1998; Xu et al., 1997) . Similarly, the inability of p107 or p130 to significantly increase NBs correlated with their inferior ability to induce the senescence phenotype (Sellers et al., 1998 , and data not shown). These observations were consistent with two mutually exclusive roles of PML in pRB-induced senescence. As one possibility, the pRB-induced increase in PML NBs may be important for the senescence response. Alternatively, PML up-regulation may be coordinated with the pRBinduced senescence response, yet be dispensable to senescence entry. Accordingly, efforts were pursued to distinguish between these possibilities.
It was first determined whether similar pRB sequences were needed to increase the abundance of NBs and to induce a senescence-like state. The analyses utilized chimeric proteins in which pRB and p130 sequences were joined within regions of high amino acid sequence identity (Figure 4a ). When transfected into Saos-2 cells, the chimeric genes encoded proteins of the expected molecular weights, but which were produced at *one-third the levels of wild type pRB (Figure 4b ). Thus, subsequent transfections utilized three times more of the chimera expression vectors, as compared to the pRB expression vector, which resulted in more equivalent protein expression (data not shown).
The ability of the chimeric proteins to induce senescence was monitored by the presence of solitary cells with a flattened morphology, and by the presence of cells which produced senescence-associated bgalactosidase (SA-b-Gal) activity (Dimri et al., 1995) , at 14 days after transfection (Figure 4c,d) . It was found that replacement of the pRB N-terminal segment with p130 sequences in chimeras 3 and 10, or replacement of the pRB pocket A box and spacer domain in chimeras 4 and 5, did not abrogate the induction of senescent cells. Similarly, insertion of p130-specific sequences within the B box, in chimeras 9 and 10, did not prevent the senescence response. However, replacement of pRB C-terminal sequences in chimeras 1 and 2, or replacement of the pRB pocket B box in chimeras 6, 7, and 8, entirely blocked the induction of flat, SA-bGal-positive cells. Strikingly, there was a precise correlation between chimeras that induced a senescence-like state and those that increased PML NBs, with pRB-specific B box and C-terminal sequences being needed for both processes (Figure 4a ). The inability of chimeras 1, 2, and 6 -8 to induce senescence and NBs did not relate to their lower expression, since pRB induced both of these outcomes when expressed at 10-fold lower levels (data not shown). The importance of pRB B box and C-terminal sequences in NB formation is consistent with the lack of NB induction by pRB D22 and pRB D24-25 , which have deletions of B box and C-terminal amino acids, respectively (Bremner et al., 1997; Horowitz et al., 1990) .
To evaluate whether the pRB-induced increase in NBs was required for induction of senescence, it was determined whether the dominant negative PMLnls7 interferes with the ability of pRB to induce a senescence-like state. In keeping with previous analyses (Le et al., 1996) , PMLnls7 blocked the production of NBs and induced cytoplasmic localization of PML (Figure 5a, panel c) . However, PMLnls7 did not impair the production of flat, senescent-like cells (Figure 5b) . Similarly, PML NB formation was disrupted but senescence was unaffected by two other dominant negative PMLs, including PMLprb7, which is deleted in the Nterminal proline rich RING finger B-box-1 (Le et al., 1996) , and the PML-RARa fusion protein (data not shown). Together, these data imply that PML NB formation and PML function were not required for pRB to induce a senescence-like state.
Although the pRB-induced increase in PML NBs was not required for the senescence response, it remained possible that the increase in NBs might promote senescence in a manner that is redundant to other pRB effects. To examine this, we transfected Saos-2 cells with an expression vector for PML3 (nomenclature of Fagioli et al., 1992 ; also called PML IV in nomenclature of Jensen et al., 2001) , which is an isoform that was previously shown to promote transcriptional repression and to induce senescence in fibroblasts (Ferbeyre et Regulation of PML by pRB W Fang et al production of NBs, it did not induce the formation of senescent-like Saos-2 cells ( Figure 5 ). In addition, ectopic PML3 did not affect the proportion of cells in the G1, S, and G2/M phases of the cell cycle, as determined by flow cytometric analyses (data not shown). Moreover, ectopic expression of PML3 together with p107 or p130 increased NB production but did not elicit a senescence-like response ( Figure 5 ). This indicates that an increase in PML3 did not complement other functions that are needed for senescence and which are shared among pRB family proteins. The failure of PML3 to induce senescence or cell cycle arrest in Saos-2 cells contrasted with the ability of the same PML isoform to promote these processes in fibroblasts (Ferbeyre et al., 2000) , and was likely related to defects, such as the lack of p53 and pRB, in Saos-2 cells.
In summary, the pRB-induced increase in PML NBs and in PML-dependent transcriptional repression correlated with the induction of a senescence-like phenotype, but was neither necessary nor sufficient to induce a senescence-like state.
Discussion
Previous studies have indicated that pRB and certain low penetrance pRB mutants may suppress tumorigenesis through a mechanism that is independent of the ability to bind E2F (Harbour, 2001; Kratzke et al., 1994; Otterson et al., 1997 Otterson et al., , 1999 Sellers et al., 1998) . Here, we describe a novel pRB function that may be relevant to this E2F-independent effect. The studies demonstrate that pRB and non-E2F binding pRB mutants can increase PML NB production and promote PML-dependent transcriptional repression by Mad1. The ability of pRB to enhance transcriptional repression appeared to be mediated by an effect of pRB on PML, since it was emulated by ectopic PML expression and was impaired by a DN-PML protein.
The ability of pRB to promote PML-dependent transcriptional repression may have significant consequences for cellular signaling. PML is thought to promote transcriptional repression, at least in part, by facilitating the assembly of complexes consisting of the Ski/Sno, Sin3, and N-CoR/SMRT co-repressors, together with histone deacetylases (Khan et al., 2001a; Wu et al., 2001) . These co-repressor complexes are needed not only for repression by Mad proteins, but also for repression by non-liganded nuclear hormone receptors such as RARa and by pRB itself (Harbour and Dean, 2001; Khan et al., 2001a,b; Tokitou et al., 1999) . Accordingly, through their effects on PML, pRB and non-E2F binding low penetrance pRB mutants may augment repression by each of these, and perhaps by other, transcriptional repressor proteins. Moreover, in addition to promoting the actions of transcriptional co-repressors, the pRBinduced increase in PML NBs may promote other PML functions (reviewed in Gottifredi and Prives, 2001; Lin et al., 2001; Negorev and Maul, 2001) .
Because PML up-regulation was associated with entrance into senescence, and because PML induced senescence in other contexts (Ferbeyre et al., 2000; Pearson et al., 2000) , it appeared that the pRB-induced increase in PML might be important for pRB-induced senescence in Saos-2 cells. Indeed, such a view was also supported by the precise correlation of the abilities of pRB family proteins, low penetrance pRB mutants, and pRB-p130 chimeric proteins to induce NB production and to induce a senescence-like state. However, despite these correlations, the pRB-induced increase in PML was dispensable to the entry of Saos-2 cells into senescence, as shown by the failure of dominant negative PMLs to inhibit the pRB-induced senescence response. A possible explanation for this is that pRB may induce senescence and increase PML NB formation through a common function (depicted as Figure 6 ), although the results are also consistent with these effects being mediated by distinct functions that utilize similar pRB sequences (dashed line in Figure 6 ). It seems unlikely that the increase in PML is a consequence of the senescence process, since DNCdk2 was able to induce a senescence-like state in Saos-2 cells (Alexander and Hinds, 2001 ), but failed to increase NB formation in our studies. Thus, the results support the conclusion that pRB coordinately, but independently, elicits senescence and PML-dependent effects in Saos-2 cells. However, the pRB-induced increase in PML might promote senescence in other contexts, such as by promoting p53 activity in cells that have wild type p53. That PML was induced together with senescence, but was not essential to the pRB-induced senescence program, may reflect a general phenomenon that pertains to normal cells as well as to the Saos-2 tumor cells used here. In support of this idea, PML was induced by oncogenic Ras, but PML function was apparently dispensable to Ras-induced senescence, in human diploid fibroblasts (Ferbeyre et al., 2000) . However, in mouse embryonic fibroblasts, PML was required for oncogenic Ras to induce senescence (Pearson et al., 2000) , indicating that the importance of PML to the senescence program is dependent upon the cellular context. Currently, the mechanism by which pRB increases the formation of PML NBs is unknown. The effect seems not to result solely from a cell cycle arrest, since p107, p130, and DN-Cdk2 arrested Saos-2 cells (Cheng et al., 2000; Sellers et al., 1998 , and data not shown), but did not significantly increase NB formation. In addition, the association of pRB with PML seems not to be sufficient to promote NB formation, because pRB D22 associated with PML (Alcalay et al., 1998) but did not increase NB production. Stable binding to E2F was clearly dispensable to the induction of NBs, because each of the non-E2F binding low penetrance pRB mutants promoted NB production. Moreover, the interaction of pRB with histone deacetylases may be dispensable, since NBs were induced by pRB 712R , which is mutated in a region that is important for histone deacetylase association (Harbour, 2001; Otterson et al., 1999) . One pRB function that might relate to the increase in NBs is transcriptional coactivation, because the pRB 661W and pRB Dex4 mutants retained coactivator function (Sellers et al., 1998) as well as the ability to increase NB formation. A speculative possibility is that transcriptional coactivation by pRB promotes expression of PML itself, since the expression of PML was limiting for NB production (Figure 5a) .
A central question that is raised by the current study is whether the ability to increase PML NB formation or to enhance PML-dependent repression is a means by which pRB suppresses tumorigenesis. While this issue
is not yet resolved, several lines of evidence favor this idea. First, each of the four non-E2F binding low penetrance pRB mutants retained the ability to enhance Mad-mediated, PML-dependent transcriptional repression, consistent with this being involved in their tumor suppressor effect. The one pRB mutant that failed to enhance repression, pRB D24-25 , is the only low penetrance mutant that retained pocket-dependent binding capabilities similar to wild type pRB (Otterson et al., 1999) , and may thus suppress tumorigenesis via a distinct mechanism. Second, Mad proteins are thought to inhibit the tumorigenic effects of Myc family proteins by attracting co-repressor complexes to Myc target genes (Grandori et al., 2000) . Accordingly, the pRB-induced increase in Mad-mediated repression may antagonize the tumorigenic effects of Myc. Third, PML may promote the actions of Sno-containing corepressor complexes (Khan et al., 2001a,b) . Because Sno can function as a tumor suppressor (Shinagawa et al., 2000) , the pRB-induced increase in PML may enhance Sno-mediated tumor suppression. Finally, RB is generally mutated and PML generally fails to be expressed in small cell lung carcinomas (SCLCs), whereas PML is expressed in the normal lung neuroendocrine cell SCLC counterparts (Harbour et al., 1988; Horowitz et al., 1990; Zhang et al., 2000) . This suggests that pRB may be important for PML expression and for PML-dependent transcriptional repression in SCLC and perhaps in other tumor types.
Materials and methods
Plasmid DNAs
Rc/p107 (Zhu et al., 1993), pCMV-cdk2DN (van den Heuvel and , pBABEpuro (Morgenstern and Land, 1990) , pSVE-RBD22 (Templeton et al., 1991) , PML-RARa (Kastner et al., 1992) , pGL2-mcycD2, and pGL2-mcycD2D3/ Figure 6 Schematic representation of the effect of pRB on senescence and on PML-dependent transcriptional repression. pRB is proposed to induce senescence and PML NB formation either through a common function (X), or through distinct functions that utilize similar pRB sequences (dashed line). The pRB-induced increase in PML NBs was associated with increased PML-dependent, Mad-mediated transcriptional repression, most likely due to the ability of PML to stimulate the actions of a transcriptional co-repressor complex (Khan et al., 2001a) D4 (Bouchard et al., 1999) have been described. pSG5-PML3 encodes the 633 amino acid PML3 isoform (nomenclature of Fagioli et al., 1992 ; also called PML IV in nomenclature of Jensen et al., 2001) , as used in previous analyses (Wu et al., 2001) , and was a kind gift of K-S Chang. pSG5PMLnls7, pSG5PMLprb7 are mutant versions of a C-terminal truncated PML3 variant, as described (Le et al., 1996; Mu et al., 1994) . pCl-neo vectors for pRB 661W , pRB Dex4 , pRB D480 , and pRB 712R (Otterson et al., 1997 (Otterson et al., , 1999 , and a similar vector for pRB D24-25 , were kind gifts of F Kaye. pBJ3-MAD was a kind gift of M Eilers. Rc/p130 contained human p130 cDNA in Rc/CMV. Rc/RB contained human RB cDNA in Rc/CMV. Chimeric RB-p130 genes were produced through standard techniques, confirmed by sequencing, and inserted in cDNA 3 (Invitrogen). Amino acid positions of chimeric points are: for homology region 2, pRB-331 to p130-349 and p130-339 to pRB-323; for homology region 3, pRB-486 to p130-533; for N-terminal homology region 4, pRB-658 to p130-848 and p130-842 to pRB-654; for C-terminal homology region 4, pRB-743 to p130-932 and p130-931 to pRB-744; and for homology region 5, pRB-746 to p130-1000 and p130-999 to pRB-747.
Cell culture
Saos-2 cells from the ATCC were cultured in Dulbecco's modified Eagle medium with 10% fetal bovine serum (Sigma) and penicillin and streptomycin. For senescence assays, Saos-2 cells were plated at 2610 5 cells per 3.8 cm diameter well, transfected with 0.5 mg pBABEpuro and 5 mg of the indicated expression vector using the calcium phosphate method, and selected with 1 mg/ml puromycin. SA-b-Gal activity was assayed as described (Dimri et al., 1995) .
Immunofluorescence and immunoblotting
Cells were transfected using Fugene 6 (Roche) with 0.9 mg of expression vectors and 0.1 mg of pBABEpuro, according to the manufacturer's instructions. After 16 h, the transfection solution was removed and selection in 0.7 mg/ml puromycin was initiated. The selection was continued for 2 -14 days, as indicated for individual experiments. The selected cells were then fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.1% Triton X-100 in PBS with 2% BSA (PBS/BSA) for 5 min, incubated for 1 h with primary antibodies in PBS/BSA, incubated with conjugated antimouse or anti-rabbit antibodies (Jackson ImmunoResearch) for 45 min, and stained with 4,6 diamidino-2-phenylindole (DAPI). Primary antibodies were anti-PML (PG-M3, 1 : 150 or H238, 1 : 150, Santa Cruz), anti-Sp100 (1 : 150, Chemicon), and anti-SUMO-1 (D-11, 1 : 150, Santa Cruz). Immunoblotting was as described (Cheng et al., 2000) , with anti-pRB (G3-245, 1 : 500, Pharmingen, or C-15, 1 : 1000, Santa-Cruz).
Luciferase assays
Cells in 24 well dishes were transfected using Fugene 6, together with 80 ng luciferase reporter and 10 ng internal control plasmid pRL-TK. Total DNA was adjusted to 200 ng by addition of expression vectors. Cells were analysed using the dual luciferase kit (ProMega), 48 h after transfection.
